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ABSTRACT Approximately 50% of rhesus macaques (RMs) expressing the major his-
tocompatibility complex class I (MHC-I) allele Mamu-B*08 spontaneously control
chronic-phase viremia after infection with the pathogenic simian immunodeficiency
virus mac239 (SIVmac239) clone. CD8� T-cell responses in these animals are focused
on immunodominant Mamu-B*08-restricted SIV epitopes in Vif and Nef, and prophy-
lactic vaccination with these epitopes increases the incidence of elite control in
SIVmac239-infected Mamu-B*08-positive (Mamu-B*08�) RMs. Here we evaluated if ro-
bust vaccine-elicited CD8� T-cell responses against Vif and Nef can prevent systemic
infection in Mamu-B*08� RMs following mucosal SIV challenges. Ten Mamu-B*08�

RMs were vaccinated with a heterologous prime/boost/boost regimen encoding Vif
and Nef, while six sham-vaccinated MHC-I-matched RMs served as the controls for
this experiment. Vaccine-induced CD8� T cells against Mamu-B*08-restricted SIV
epitopes reached high frequencies in blood but were present at lower levels in
lymph node and gut biopsy specimens. Following repeated intrarectal challenges
with SIVmac239, all control RMs became infected by the sixth SIV exposure. By com-
parison, four vaccinees were still uninfected after six challenges, and three of them
remained aviremic after 3 or 4 additional challenges. The rate of SIV acquisition in
the vaccinees was numerically lower (albeit not statistically significantly) than that in
the controls. However, peak viremia was significantly reduced in infected vaccinees
compared to control animals. We found no T-cell markers that distinguished vaccin-
ees that acquired SIV infection from those that did not. Additional studies will be
needed to validate these findings and determine if cellular immunity can be har-
nessed to prevent the establishment of productive immunodeficiency virus infection.

IMPORTANCE It is generally accepted that the antiviral effects of vaccine-induced
classical CD8� T-cell responses against human immunodeficiency virus (HIV) are lim-
ited to partial reductions in viremia after the establishment of productive infection.
Here we show that rhesus macaques (RMs) vaccinated with Vif and Nef acquired
simian immunodeficiency virus (SIV) infection at a lower (albeit not statistically sig-
nificant) rate than control RMs following repeated intrarectal challenges with a
pathogenic SIV clone. All animals in the present experiment expressed the elite
control-associated major histocompatibility complex class I (MHC-I) molecule Mamu-
B*08 that binds immunodominant epitopes in Vif and Nef. Though preliminary,
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these results provide tantalizing evidence that the protective efficacy of vaccine-
elicited CD8� T cells may be greater than previously thought. Future studies should
examine if vaccine-induced cellular immunity can prevent systemic viral replication
in RMs that do not express MHC-I alleles associated with elite control of SIV infec-
tion.

KEYWORDS human immunodeficiency virus, simian immunodeficiency virus,
vaccines

The ultimate goal of a prophylactic human immunodeficiency virus (HIV) vaccine is
to block acquisition of infection. While induction of broadly neutralizing antibodies

(bnAbs) remains our best hope to achieve this kind of protection, engendering bnAbs
by vaccination has been exceedingly difficult due to structural features of the Env
glycoprotein and its high variability among circulating isolates (1). Notwithstanding
these barriers, it is well established that the passive transfer of monoclonal HIV-specific
bnAbs can afford complete protection against mucosal challenge with simian/HIV
(SHIV) chimeras in rhesus macaques (RMs) (2). Importantly, mounting evidence indi-
cates that virus neutralization at the mucosal portal of entry is not required for the
protection afforded by monoclonal bnAb treatment (3, 4). Indeed, in order to charac-
terize the anatomic sites of bnAb-mediated protection, Liu et al. have recently treated
female RMs with a fully protective dose of the bnAb PGT121 and subsequently
challenged them intravaginally with SHIV-SF162P3 (4). The authors reported that within
the first week after transmission, the virus had disseminated to distal tissues and
undergone a few rounds of replication before the initial foci of infected cells decayed
or were cleared by bnAb-mediated antiviral mechanisms. Notably, during these first few
days after infection, bnAb-treated RMs remained aviremic and failed to develop adap-
tive T-cell responses against the virus. These results, together with those by Hessell
et al. showing that early treatment with monoclonal bnAbs halts SHIV infection in infant
RMs (3), indicate that even in cases of monoclonal bnAb-mediated protection of
mucosally acquired immunodeficiency virus infection, the transmitted/founder virus
can still spread to distant tissues from the site of transmission. However, because of
bnAb interception or the spontaneous decay of virus-infected cells, the nascent infec-
tion cannot spread beyond the initial foci of infected cells.

Cellular immune responses have also been a major focus of HIV vaccine develop-
ment efforts since compelling evidence implicated major histocompatibility complex
class I (MHC-I)-restricted CD8� T cells in the virologic control of lentivirus replication
(5–8). Because CD8� T-cell activation depends on the recognition of cognate peptide–
MHC-I complexes on the surface of target cells (9), a condition that might be satisfied
only after infection has been initiated, it is generally accepted that vaccine-elicited
cellular immunity alone cannot prevent HIV infection. In this regard, the expectation for
vaccine-induced, HIV-specific CD8� T cells has been to decrease viral replication after
acquisition of infection in hopes to delay progression to AIDS and reduce the chances
of transmission (10). Although this endpoint of HIV vaccine efficacy has not yet been
achieved in clinical trials, vaccine-elicited T-cell responses have been repeatedly shown
to lower simian immunodeficiency virus (SIV) viremia in RMs (11–18), demonstrating
the feasibility of engendering anti-lentiviral T-cell immunity by vaccination.

Mounting evidence suggests that vaccine-elicited T cells can afford more than
partial control of immunodeficiency virus replication. For example, live-attenuated SIV
vaccines are extremely effective in nonhuman primates, often resulting in sterilizing
immunity against challenge with sequence-matched pathogenic strains of SIV (19).
Although protection in these cases also involves humoral immune responses (20), given
the homology of Env sequences between the vaccine and challenge viruses, the
magnitude of lymph node (LN)-based antiviral T cells alone can predict the efficacy of
live-attenuated SIV vaccination (21). The recent evaluation of rhesus cytomegalovirus
(RhCMV)-vectored SIV vaccines also indicates that T-cell immunity can dramatically alter
the course of SIV infection (22–24). As a member of the Herpesviridae family (25), RhCMV
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persistently infects RMs, thereby providing chronic low-level antigen exposure. This
type of immune stimulation favors the generation of effector memory T cells (TEM) that
recirculate through extralymphoid tissues and that are endowed with immediate
antiviral activity (26). Remarkably, approximately half of RhCMV-vaccinated RMs man-
ifest complete control of viral replication shortly after SIVmac239 infection (22–24).
Except for occasional viral load (VL) blips in the ensuing weeks, these successful
vaccinees remain aviremic in the chronic phase and ultimately clear SIVmac239 infec-
tion (24). The 68-1 RhCMV strain utilized in these experiments is noteworthy in that it
induces broadly targeted CD8� TEM responses that recognize epitopes presented by
MHC-II and the nonclassical MHC-I molecule Mamu-E (27, 28). Moreover, even though
env was included in the vaccine regimen, vaccination with 68-1 RhCMV env did not
elicit anti-Env antibodies, reinforcing the conclusion that vaccine-induced, nonclassical
CD8� TEM responses are responsible for protection. Importantly, 68-1 RhCMV vaccinees
harbored high frequencies of SIV-specific TEM at key sites of virus entry and amplifica-
tion (23), a property that might have facilitated the interception of SIV-infected cells in
the first stages of infection. Collectively, these vaccine studies indicate that lentiviral
infections are vulnerable to T-cell-mediated immunity early after transmission.

Elite control of HIV infection is defined as spontaneous suppression of chronic-phase
viremia in the absence of antiretroviral therapy (8). Consistent with a crucial role of
CD8� T-cell responses in this phenotype, some MHC-I alleles (e.g., HLA-B*27 and
HLA-B*57) are enriched in cohorts of elite controllers (ECs) and the expressed MHC-I
molecules present immunodominant HIV epitopes (6, 8, 29). Similar to human ECs,
expression of certain RM MHC-I alleles is also associated with elite control of SIV
infection (30–32). For example, approximately 50% of SIVmac239-infected Mamu-B*08-
positive (Mamu-B*08�) RMs manifest some measure of control of viral replication in the
chronic phase (30). Due to the virulence and high replicative capacity of SIVmac239, EC
status in the macaque model is defined as having a set point VL of less than 1,000 viral
RNA (vRNA) copies/ml of plasma. Interestingly, even though HLA-B*27 and Mamu-B*08
differ considerably in their amino acid sequences, these MHC-I molecules share similar
peptide binding motifs, characterized by the requirement for Arg in position 2 as the
primary anchor and major overlaps in the residues occupying other secondary anchor
positions (33). Virologic control in Mamu-B*08� RMs is largely dependent on CD8� T
cells directed against three immunodominant Mamu-B*08-restricted epitopes: Vif RL8,
Vif RL9, and Nef RL10 (34, 35). Indeed, we have shown that prophylactic vaccination
with these three epitopes significantly increases the incidence of elite control in
Mamu-B*08� RMs after high-dose intrarectal (IR) challenges with SIVmac239 (36). Of
note, the immunization protocol utilized in that study, a recombinant yellow fever virus
17D (rYF17D) prime followed by a recombinant adenovirus type 5 (rAd5) boost,
resulted in low levels of SIV-specific CD8� T cells at the time of SIV challenge. Curiously,
we have recently reported that focusing Mamu-B*08-restricted CD8� T cells on the Nef
RL10 epitope did not improve containment of SIVmac239 infection (37), suggesting
that elite control in Mamu-B*08� RMs might depend on the concerted action of CD8�

T-cell responses targeting the three immunodominant epitopes.
Here we explored the hypothesis that vaccine-induced classical MHC-I-restricted

CD8� T-cell responses can prevent systemic SIV replication in RMs rectally challenged
with SIVmac239. In order to increase the chances of a successful outcome, only
Mamu-B*08� RMs were utilized in this experiment due to their propensity for mounting
efficacious CD8� T-cell responses against SIV. It is important to emphasize that expres-
sion of Mamu-B*08 does not affect susceptibility to SIV infection but affects only
postacquisition control of chronic viremia. Since recurrent antigen exposure is also a
key determinant of antiviral T-cell immunity (38, 39), SIVmac239 genes encoding
Mamu-B*08-restricted epitopes were delivered by sequential immunizations with rAd5,
recombinant vesicular stomatitis virus (rVSV), and recombinant rhesus monkey rhadi-
novirus (rRRV) vectors. The last vector is a herpesvirus that establishes persistent
infection in RMs (40, 41). A single inoculation of rRRV vectors encoding SIV Env, Gag,
and a Rev-Tat-Nef fusion has been shown to significantly decrease viral replication in
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RMs following intravenous challenge with SIVmac239 (42). Unlike 68-1 RhCMV, though,
rRRV vaccination results in TEM-biased CD8� T-cell responses restricted by classical
MHC-I molecules (17, 42, 43). Here we report the efficacy of SIV-specific T-cell responses
induced by the aforementioned rAd5/rVSV/rRRV regimen in Mamu-B*08� RMs sub-
jected to repeated IR challenges with SIVmac239.

RESULTS

Sixteen Mamu-B*08� RMs of Indian origin were selected for this study (Table 1). Ten
animals were vaccinated with SIVmac239 gene inserts encoding the immunodominant
Mamu-B*08-restricted epitopes Vif RL8 (amino acids [aa] 172 to 179), Vif RL9 (aa 123 to
131), and Nef RL10 (aa 137 to 146) (Fig. 1). These SIV inserts were delivered by an rAd5
priming vector, followed by boosts with rVSV and then rRRV vectors (Fig. 1). It should
be noted that some of the vaccine vectors employed in this study encoded segments
of vif and nef or full-length vif and nef fused with other genes, such as tat and rev (see
Materials and Methods). As a result, the rAd5/rVSV/rRRV vaccine regimen also elicited
cellular immune responses against Tat and Rev in some of the animals. Additionally, the
nef insert delivered by the rVSV and rRRV vectors also included the subdominant
Mamu-B*08-restricted epitope Nef RL9b (aa 246 to 254). The remaining six monkeys
were sham immunized with empty vectors or vectors containing irrelevant inserts and
served as the controls for this experiment (Fig. 1).

We monitored the kinetics of vaccine-induced SIV-specific CD8� T-cell responses in
blood by fluorochrome-labeled MHC-I–peptide tetramer staining. This analysis revealed

TABLE 1 Animal characteristics

Experimental group Animal identifier Relevant MHC-I allele(s) Age (yr)a Sex

Vaccinees r08009 Mamu-A*01, -B*08, -B*17 6 Male
rhBB35 Mamu-B*08 9.9 Female
r08024 Mamu-A*01, -B*08 5.9 Male
r08038 Mamu-A*01, -B*08 5.8 Male
r10038 Mamu-B*08 4 Female
r10051 Mamu-B*08 3.9 Female
r01065 Mamu-B*08 12.7 Female
r09041 Mamu-B*08 5 Male
r10091 Mamu-B*08 3.5 Male
r10072 Mamu-B*08 3.7 Male

Controls r11063 Mamu-A*01, -B*08 2.7 Female
r10055 Mamu-A*01, -B*08 3.8 Male
r00008 Mamu-A*02, -B*08 14.3 Female
r07011 Mamu-B*08 6.7 Male
r02075 Mamu-B*08 11.9 Male
rhBH87 Mamu-B*08 2.4 Male

aAnimal age at beginning of study.

Sham-vaccinated controls
All Mamu-B*08+

1st IR challenge 
with SIVmac239rAd5

0

rVSV rRRV

Vaccinees
All Mamu-B*08+

Week 145281

FIG 1 Experimental design. Ten Mamu-B*08� RMs were vaccinated with an rAd5/rVSV/rRRV regimen expressing the immu-
nodominant Mamu-B*08-restricted epitopes Vif RL8, Vif RL9, and Nef RL10. Six Mamu-B*08� RMs were sham vaccinated and
served as the controls. At week 41, vaccine efficacy was assessed by subjecting all monkeys to repeated IR challenges with a
marginal dose of SIVmac239 (200 TCID50) every 2 weeks. The results for four vaccinees are color coded in blue in this figure
and subsequent ones because they resisted greater than six IR challenges with SIVmac239.
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a robust expansion of CD8� T cells against all three immunodominant Mamu-B*08-
restricted epitopes, especially after the rVSV and rRRV boosts (Fig. 2A to C). Low to
modest levels of CD8� T cells directed against the subdominant Nef RL9b epitope were
also detected in a subset of animals (Fig. 2D). Overall, there was considerable variation
in the magnitude of Vif RL8-, Vif RL9-, and Nef RL10-specific CD8� T cells among the 10
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FIG 2 Kinetics of vaccine-induced CD8� T-cell responses targeting Mamu-B*08-restricted SIV epitopes. Fluorochrome-
labeled Mamu-B*08 tetramers folded with peptides corresponding to SIV epitopes were used to track vaccine-elicited
SIV-specific CD8� T cells in PBMC. (A to D) The percentages of live tetramer� CD8� T cells specific for Vif RL8 (aa 172 to
179) (A), Vif RL9 (aa 123 to 131) (B), Nef RL10 (aa 137 to 146) (C), and Nef RL9b (aa 246 to 254) (D) are shown at multiple
time points throughout the vaccine phase. The times of each vaccination (black dotted lines) and the day of the first IR
SIVmac239 challenge (red solid line) are indicated in each graph. (E) Comparison of the total magnitude of vaccine-induced
CD8� T cells against Vif RL8, Vif RL9, and Nef RL10 at the time of the first SIV challenge between vaccinees in the present
experiment and those in our previous Mamu-B*08 SIV vaccine trial (36). The P value was determined by Student’s t test after
log transformation. Lines represent means, and each symbol denotes one vaccinee. The vaccinees in the present
experiment that resisted greater than 6 IR SIV challenges (r10038, r10091, r09041, and r08009) are color coded in blue. The
remaining six vaccinees that acquired SIV infection and manifested partial or no control of viral replication are indicated
by black symbols.
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vaccinees. As a reference, however, the combined frequency of these responses at the
time of the first SIV challenge was still significantly higher than that achieved in our
previous Mamu-B*08 trial (P � 0.007 from Student’s t test; Fig. 2E), where a poorly
immunogenic rYF17D/rAd5 regimen encoding the aforementioned immunodominant
epitopes increased the incidence of elite control after SIVmac239 infection (36).

Because the goal of the rAd5/rVSV/rRRV vaccine regimen described here was to
induce SIV-specific TEM responses, we characterized the memory phenotype of
tetramer-positive (tetramer�) CD8� T cells at week 37 after rAd5 prime. Memory CD8�

T cells in RMs can be classified as three subsets based on the surface expression of CD28
and CCR7: central memory (TCM; CD28� CCR7�), transitional memory (TEM1; CD28�

CCR7�), and terminally differentiated effector memory (TEM2; CD28� CCR7�) (44). We
noticed high animal-to-animal variability in the frequencies of these subsets within the
same and across different tetramer� CD8� T-cell populations (Fig. 3). Nevertheless, the
TEM2 phenotype predominated within the three SIV epitope-specific CD8� T cells,
although in the case of Mamu-B*08/Vif RL8 tetramer� cells, the mean frequencies of
cells displaying the TEM2 and TCM signatures were not statistically different (P � 0.188
from a post hoc Fisher least-significant-difference test; Fig. 3A). We also characterized
expression of granzyme B (Gzm B) within tetramer� CD8� T cells, as the granule
exocytosis pathway has been reported to be the primary mechanism by which HIV-
specific CD8� T cells lyse HIV-infected CD4� T cells (45–47). We found that the
proportion of tetramer� CD8� T cells that expressed Gzm B directly ex vivo also varied
between the animals (Fig. 3A to C), but the mean frequencies of Gzm B-expressing cells
were not statistically different among the three tetramer� populations (P � 0.6 from
repeated-measurement analysis of variance [ANOVA]).

To determine if vaccine-induced CD8� T cells were present at relevant sites of SIV
replication, we searched for tetramer� CD8� T cells in disaggregated lymphocytes from
colorectal and peripheral LN biopsy specimens obtained at week 37. This analysis
revealed that CD8� T cells targeting the three epitopes were present in LN (Fig. 4) and,
in the case of Vif RL9 and Nef RL10, at significantly lower frequencies than their blood
counterparts (Fig. 4B and C). The colorectal biopsy specimens also harbored vaccine-
elicited CD8� T cells, albeit at levels even lower than those found in LN (Fig. 4A to C).
Overall, vaccine-elicited CD8� T cells against the three epitopes reached their highest
frequencies in peripheral blood mononuclear cells (PBMC), followed by LN and then the
gut (Fig. 4D).

We also carried out intracellular cytokine staining (ICS) assays at week 41 to
determine the total magnitude of vaccine-induced SIV-specific T-cell responses at the
time of the first SIV challenge. Vif and Nef were the primary targets of vaccine-induced
CD8� T cells, followed by Rev and Tat (Fig. 5A). CD4� T-cell responses were below the
detection limits in all animals, except for animals r08024 and r10051 (Fig. 5B). Because
the ability of CD8� T cells to perform multiple antiviral functions upon stimulation has
been proposed as a marker of effective HIV-specific CD8� T-cell responses (48), we also
used ICS to characterize the functional profile of vaccine-induced CD8� T-cell responses
against Vif RL8, Vif RL9, and Nef RL10. This analysis revealed that the majority of CD8�

T cells targeting these immunodominant epitopes were capable of elaborating two or
three functions, which consisted of degranulation, as measured by CD107a upregula-
tion, and production of gamma interferon (IFN-�) and/or tumor necrosis factor alpha
(TNF-�) (Fig. 5C and D).

Vaccine efficacy was assessed at week 41 by subjecting both control and vaccinated
macaques to repeated IR challenges with a marginal dose (200 50% tissue culture
infective doses [TCID50]) of SIVmac239. In order to pinpoint the time of infection,
vaccinated and control animals were challenged every 2 weeks and VLs were evaluated
7 and 10 days after each exposure (Fig. 6A). Monkeys that remained aviremic on both
days 7 and 10 were rechallenged on day 14. Animals exhibiting positive VLs on either
one of these occasions were considered to be infected and were no longer challenged.

All control monkeys acquired SIV infection by the 6th IR challenge (Fig. 6B). By
comparison, four vaccinees (r08009, r10038, r09041, and r10091) remained uninfected
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after the 6th exposure (Fig. 6B). Although the infection rate for the vaccinated group
was numerically lower than that of the control group, this difference was not statisti-
cally significant (P � 0.363; Fig. 6C). We kept challenging the uninfected vaccinees to
evaluate the extent to which they were resistant to SIV infection (Fig. 6B).

Of note, vaccinee r10091 had a VL of 1,000 vRNA copies/ml 7 days after the 6th
exposure, but no virus was detected in its day 10 plasma sample. Because this pattern
resembled the abrupt and early control of SIV replication manifested by macaques
prophylactically vaccinated with 68-1 RhCMV-based vectors (22, 23), r10091 was not
subjected to a 7th IR challenge (Fig. 6B). Instead, we bled this animal in the following
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effector memory (TEM2; CD28� CCR7�), transitional memory (TEM1; CD28� CCR7�), and central memory (TCM; CD28�

CCR7�). Based on the expression of these two markers, the memory phenotype of vaccine-induced CD8� T cells
against Vif RL8 (A), Vif RL9 (B), and Nef RL10 (C) in PBMC was delineated at week 37 after rAd5 prime. The panels
on the left show the percentages of MHC-I tetramer� CD8� T cells that display each of the three memory
signatures. This flow cytometric analysis also evaluated the intracellular expression of the cytotoxicity-associated
molecule granzyme B (Gzm B) by each MHC-I tetramer� CD8� T-cell population, as shown in the panels on the
right. Lines represent means. The P values were determined by repeated-measurement ANOVA. Vaccinees are color
coded as described in the legend of Fig. 2. Data from monkey r08038 were not available for this analysis.
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week and carried out an ICS assay. This analysis revealed no signs of secondary CD8�

T-cell responses against vaccine-encoded antigens (Vif, Nef, Rev, and Tat; Fig. 7) or
primary CD8� T-cell responses against SIV proteins that were not included in the
vaccine (Gag, Env, Vpr, and Vpx; Fig. 7). In support of this, the VL blip detected 7 days
after the 6th challenge was not confirmed in a replicate plasma sample from that same
time point, indicating that the initial VL measurement was a false positive. As a result,
we resumed challenging r10091 in the next cycle, which corresponded to the 8th
exposure for vaccinees r10038 and r09041 (Fig. 7B).

Even though monkey r08009 became infected after the 7th exposure, we were
initially unaware of this due to a false-negative result based on a technical VL assay
issue, with the result corrected upon repeat testing. Consequently, this animal ended
up being challenged two additional times (Fig. 6B). As for the remaining vaccinees, they
remained aviremic until the 9th (r10091) or 10th (r10038 and r09041) exposures
(Fig. 6B), at which point we halted the challenges in order to explore potential
mechanisms of SIV resistance.

Half of the animals in the control group (three of the six) became ECs after infection
(Fig. 8A), a rate that is consistent with our previous report on the outcome of
SIVmac239 infection in unvaccinated Mamu-B*08� macaques (30). By comparison, five
of the seven (71%) SIVmac239-infected vaccinees controlled chronic-phase viremia to
�1,000 vRNA copies/ml (Fig. 8B to F). This incidence of ECs among vaccinees was not
significantly different from that in the control group (P � 0.59 from Fisher’s exact test).
Of note, animal r08009 had a second surge of viremia at week 7 postinfection (p.i.)
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frequencies of vaccine-elicited CD8� T cells against Vif RL8 (A), Vif RL9 (B), and Nef RL10 (C) were quantified in PBMC and
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described in the legend of Fig. 2.
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(Fig. 8B), likely as a consequence of the additional IR SIV challenges that this animal was
subjected to after it became infected at the 7th exposure (Fig. 6B). After curbing the
second burst of viral replication, r08009 experienced a transient increase in viremia at
week 20 p.i. but then reasserted control of viral replication (Fig. 8B). Despite these
unusual VL kinetics, r08009 was still among the infected vaccinees with the best control
of SIVmac239 replication (Fig. 8B). Although monkey r10072 had low VLs of approxi-
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FIG 5 Total magnitude and functional profile of vaccine-induced SIV-specific T-cell responses at the time of the first SIV challenge. These analyses
were carried out in PBMC collected at study week 41. (A and B) CD8� and CD4� T-cell responses were measured by ICS using pools of SIVmac239
peptides (15-mers overlapping by 11 amino acids). The percentages of responding CD8� (A) and CD4� (B) T cells were calculated by adding the
frequencies of positive responses producing any combination of three immunological functions (IFN-�, TNF-�, and CD107a). Each panel shows
the magnitude of T-cell responses against Vif, Nef, and both Rev and Tat and the sum of T-cell responses against these proteins. The P values
were determined by repeated-measurement ANOVA. (C to E) Functional profile of vaccine-induced CD8� T cells directed against Vif RL8, Vif RL9,
and Nef RL10. ICS was used to evaluate the ability of vaccine-induced CD8� T cells to degranulate (based on CD107a upregulation) and/or
produce the cytokines IFN-� and TNF-� upon stimulation. The antigen stimuli for this assay consisted of peptides corresponding to the
Mamu-B*08-restricted epitopes Vif RL8 (C), Vif RL9 (D), and Nef RL10 (E). The combinations of functions tested are shown below each panel. The
P values were determined by repeated-measurement ANOVA. Lines represent means. Vaccinees are color coded as described in the legend of
Fig. 2.
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mately 1,000 vRNA copies/ml early in the chronic phase, it progressively lost control of
viral replication at later time points (Fig. 8G). Monkey r10051, on the other hand, never
experienced VLs below 1,000 vRNA copies/ml during the course of SIVmac239 infection
(Fig. 8H). Overall, vaccine-induced T-cell responses resulted in a modest, albeit statis-
tically significant, reduction in peak VLs compared to those in the control group
(P � 0.014 from Student’s t test; Fig. 8I).

The fact that four vaccinees (r08009, r10038, r10091, and r09041; 40% of the
vaccinated group) resisted 6 or more IR SIV challenges was unexpected, considering the
overall rate of SIVmac239 acquisition in control monkeys subjected to the same IR
SIVmac239 challenge regimen employed here. Of the 60 SIV-naive RMs (including the
6 contemporaneous control animals) that have been challenged with the same dose of
the same SIVmac239 stock used here, only 11 (18%) have remained uninfected after the
6th IR exposure. This observation led us to hypothesize that vaccine-induced T-cell
responses were responsible for this effect. To explore this possibility, we first assessed
whether vaccine-elicited SIV-specific CD8� T cells in the four animals that resisted �6
IR SIV challenges shared any unique immunological attributes that could distinguish
them from the other vaccinees that acquired SIV infection at earlier challenges. We
found that neither memory phenotype (Fig. 3), tissue distribution (Fig. 4), nor the
functional profile (Fig. 5C to E) of the vaccine-induced SIV epitope-specific CD8� T cells
distinguished the four vaccinees that resisted SIV infection from their group counter-
parts that acquired infection after the 6th SIV exposure (Table 2). Furthermore, the total
magnitude of vaccine-elicited CD8� T-cell responses against Vif, Nef, Rev, and Tat did
not predict the rate of SIV acquisition in vaccinees (Fig. 5A; Table 2).

Next, we assessed whether r10038, r10091, and r09041 developed T-cell responses
against SIV proteins that were not included in the vaccine after being repeatedly
challenged with SIVmac239. Monkey r08009 was not included in this analysis because
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FIG 6 Acquisition of SIV infection in vaccinees and control animals. (A) Challenge scheme. Macaques were exposed to SIV on day 0 and subsequently bled on
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it became infected after the 7th SIV exposure. The premise for this analysis was that,
over the course of these serial SIV exposures, enough cells could have become
transiently infected in vivo to prime de novo SIV-specific T-cell responses. Along these
lines, Hansen et al. have reported that 68-1 RhCMV/SIV vaccinees that manifest early
control of viral replication after SIVmac239 infection develop de novo T-cell responses
against antigens that were not included in the vaccine (23). We therefore searched for
T-cell responses against Gag, Pol, Vpr, Vpx, and Env in the three SIV-exposed aviremic
vaccinees 4 days prior to the 10th IR SIV challenge. This analysis revealed no evidence
that the three animals developed primary SIV-specific T cells or that they mounted
anamnestic T-cell responses against vaccine-encoded antigens (Fig. 9A). Of note, an SIV
gp140 enzyme-linked immunosorbent assay carried out 4 days before (r10038 and
r10091) and 2 weeks after (r09041) the 10th IR SIV exposure also showed that the three
SIV-exposed aviremic vaccinees were Env seronegative.

Whitney et al. have shown that even if antiretroviral therapy (ART) is initiated in RMs
3 days after IR SIV challenge and subsequently maintained for 6 months, SIV rebound
still occurred upon treatment interruption (49). Critically, these animals remained
aviremic for the duration of the ART regimen, during which time no SIV-specific
immune responses were detected (49). In light of these data, we investigated whether
the SIV-exposed aviremic vaccinees in the present experiment harbored replication-
competent virus that was being kept under control by their vaccine-induced CD8� T
cells. Our approach was to deplete CD8� lymphocytes by the infusion of an anti-CD8�

monoclonal antibody and monitor the treated animals for the development of viremia
in the ensuing weeks. Of note, monkey r10091 developed unmanageable self-injurious
behavior and had to be euthanized prior to this procedure. As a result, only vaccinees
r10038 and r09041 were subjected to the CD8� depletion. Treatment with the anti-
CD8� antibody occurred 39 weeks after the 10th IR SIV exposure and transiently
eliminated both circulating CD8� T cells and NK cells in r10038 and r09041 (Fig. 9B and
C). However, the CD8� depletion did not result in SIV rebound (Fig. 9D), indicating that
both animals lacked replication-competent SIV. Thus, it is unclear why r10091, r10038,
and r09041 resisted 9 to 10 IR challenges with SIVmac239, whereas the majority of
vaccinated and all control animals became infected by the 6th IR SIV challenge.

DISCUSSION

Because Mamu-B*08� RMs are predisposed to developing effective CD8� T-cell
responses against SIV, these animals constitute a potentially useful resource to study
T-cell-mediated containment of immunodeficiency virus replication. With this rationale
in mind, the goal of the present study was to evaluate the protective efficacy of a
heterologous prime/boost/boost vaccine regimen encoding immunodominant SIV
epitopes in Mamu-B*08� monkeys. We show that six repeated IR challenges with
SIVmac239 resulted in productive infection in 6/6 control animals compared to 6/10
vaccinees. This difference in SIV acquisition was not, however, statistically significant.
After 3 to 4 additional challenges, one of the vaccinees became infected but the other
three remained aviremic following the 9th or 10th IR SIV exposure. This outcome is
intriguing and potentially interesting but must be interpreted with caution, given the
small number of animals utilized in the present experiment. Mucosal transmission of
immunodeficiency viruses is a poorly understood process that can be shaped by both
selective and stochastic processes (50). Moreover, several factors might impact the
outcome of IR challenge studies, including mucosal integrity (51), local inflammation

FIG 7 Legend (Continued)
at week 2.4 after challenge 6. The antigen stimuli for this assay consisted of pools of SIV peptides
corresponding to vaccine-encoded SIV proteins (Vif, Nef, and Rev-Tat) or antigens that were not included
in the vaccine (Gag, gp120, gp41, and Vpr-Vpx). The results are shown as contour plots displaying the
percentages of CD8� T cells producing IFN-� and/or TNF-� in the absence of stimulation (no stimulus)
or in response to the aforementioned SIV peptide pools. (B) Baseline (week of the 1st SIV challenge) levels
of vaccine-induced CD8� T-cell responses against Vif, Nef, and Rev-Tat are shown as a reference. In all
panels, the cells were gated on live CD14� CD16� CD20� CD3� CD4� CD8� lymphocytes.
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(52), the gut microbiome (53, 54), and the amount of intraluminal feces present at the
time of virus exposure (55). Thus, we cannot rule out the possibility that the delayed
(although statistically not significant) infection rate observed in the vaccine group was
due to factors unrelated to vaccine-elicited T-cell immunity.

Nevertheless, it is conceivable that the resistance to productive SIV infection
observed in the three vaccinees that remained aviremic after 9 to 10 IR challenges
was vaccine mediated. Indeed, mounting evidence suggests that lentivirus-specific
CD8� T cells can do more than reduce viremia in productively infected individuals.
For instance, a recent study has shown that adoptively transferring large quantities
of SIV-specific CD8� T cells into RMs 3 days after a high-dose IR challenge with SIV
can reduce the number of transmitted/founder viruses in infected animals (56).
Although this approach did not prevent the establishment of productive infection,
it lends support to the notion that high frequencies of vaccine-elicited CD8� T cells
situated at relevant sites of virus replication can intercept a nascent infection before
it becomes systemic. Along these lines, Xu et al. have recently evaluated the efficacy
of a mucosal T-cell-based vaccine encoding SIV tat, vif, rev, and vpr in RMs (57).
Following repeated IR challenges with SIVmac251, the authors observed that the
vaccinees became infected at a lower rate than the control animals. Although the
P value for this difference (0.08) was slightly above the nominal significance level of
0.05, it is noteworthy that 2/6 vaccinees compared to 0/6 controls remained
aviremic after 10 IR exposures to SIVmac251. In contrast to our findings in the three
Mamu-B*08� vaccinees that resisted 9 to 10 IR challenges with SIVmac239, the two
aviremic vaccinees in the study by Xu and colleagues developed primary T-cell
responses against Gag (an antigen that was not included in the vaccine) and
anamnestic T-cell responses against vaccine-encoded SIV antigens (57). Together,
these observations indicate that these two animals became infected but that,
perhaps through the action of their vaccine-induced T cells, the nascent SIV
infection could not spread beyond the initial foci of infected cells.

Assuming that CD8� T-cell immunity was responsible for the SIV challenge out-
comes reported here and by Xu and colleagues (57), where did vaccine-induced
SIV-specific CD8� T cells intercept the first cells that became infected? Considering the

FIG 8 Legend (Continued)
of plasma, respectively. The two unintentional SIV challenges delivered to r08009 are indicated by vertical
solid red lines in panel B. (I) Comparison of peak viral loads between SIV-infected vaccinees and control
animals. The P value was calculated using Student’s t test after log transformation. Lines correspond to
geometric means, and each symbol denotes an animal. Monkey r08009 is color coded in blue because it
manifested stringent control of chronic-phase viremia.

TABLE 2 Lack of associations between parameters of vaccine-induced CD8� T-cell responses and acquisition of SIV infectiona

Immunological variable SIV target Tissue
Time point
(study wk)

Hazard ratio
(95% confidence
interval) P value

Frequency of Vif RL8-specific CD8� TEM2 responsesb Vif RL8 PBMC 37 0.00 (0.00–12.88) 0.173
Frequency of Vif RL9-specific CD8� TEM2 responsesb Vif RL9 PBMC 37 0.02 (0.00–248.68) 0.400
Frequency of Nef RL10-specific CD8� TEM2 responsesb Nef RL10 PBMC 37 2.53 (0.36–17.70) 0.350
Frequency of CD8� T cells in PBMCc Vif RL8 � Vif RL9 � Nef RL10 PBMC 37 1.29 (0.37–4.52) 0.695
Frequency of CD8� T cells in LNc Vif RL8 � Vif RL9 � Nef RL10 LN biopsy

specimens
37 2.17 (0.49–9.70) 0.310

Frequency of CD8� T cells in gutc Vif RL8 � Vif RL9 � Nef RL10 Colorectal biopsy
specimens

37 12.66 (0.02–9,756.33) 0.454

Frequency of polyfunctional CD8� T cellsd Vif RL8 � Vif RL9 � Nef RL10 PBMC 41 0.04 (0.00–20.78) 0.304
Total frequency of SIV-specific CD8� T cellse Vif, Nef, Rev, and Tat PBMC 41 0.98 (0.23–4.11) 0.981
aTo appropriately account for censoring (three animals never acquired SIV infection), the Cox proportional hazard model was used for this analysis.
bCalculated as the fraction of tetramer� CD8� T cells in PBMC that expressed the TEM2 memory phenotype.
cBased on the data shown in Fig. 4D.
dCalculated as the fraction of SIV epitope-specific CD8� T cells capable of degranulating (as measured by CD107a upregulation) and producing both IFN-� and TNF-�
(based on the data in Fig. 5C to E).

eBased on the data shown in Fig. 5A.
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rapidity with which SIV can traverse the rectal mucosa and disseminate to local and
distant lymphoid structures (58), T-cell-mediated suppression of viral replication might
have occurred at multiple anatomic sites. Consistent with this notion, the ability of 50%
of 68-1 RhCMV/SIV vaccinees to control viral replication shortly after SIVmac239 infec-
tion is presumably due to the presence of potent SIV-specific TEM responses at both
effector and secondary lymphoid tissues at the time of SIV exposure (23, 24). These
vaccine-induced TEM responses are thought to restrict viral spread beyond a relatively
small and short-lived population of initially infected cells, with clearance or spontane-
ous decay of this population over time (23, 24, 59). Of note, vaccine-induced CD8� T
cells directed against Mamu-B*08-restricted epitopes were also detected in colorectal
and LN biopsy specimens of all vaccinees in the present study prior to SIV challenge.
However, the frequencies of these responses were low in some of the animals and did
not distinguish between vaccinees that acquired SIV infection and those that did not.
Thus, despite the hint that vaccine-induced CD8� T cells prevented systemic SIV
replication in the present experiment, larger monkey trials will be needed to validate
this hypothesis.

MATERIALS AND METHODS
Research animals and ethics statement. Sixteen RMs expressing the Mamu-B*08 MHC-I allele were

used. The details regarding animal welfare described herein are either similar or identical to those
published in one of our previous experiments (18). The Indian-origin RMs (Macaca mulatta) utilized in this
study were housed at the Wisconsin National Primate Research Center (WNPRC). All animals were cared
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FIG 9 No evidence for de novo induction of SIV-specific CD8� T-cell responses or SIV rebound following CD8� depletion in
vaccinees that resisted repeated IR exposures to SIV. (A) Macaques r10038, r10091, and r09041 were bled 4 days prior to the
10th IR SIV challenge, and an ICS assay was carried out in PBMC. The antigen stimuli for this assay consisted of peptides
corresponding to SIV antigens that were included in the vaccine (Vif, Nef, and Rev-Tat) as well as proteins that were not
included in the vaccine (Gag, Pol, Vpr, Vpx, and Env). The percentages of responding CD8� T cells displayed in the panel were
calculated by adding the background-subtracted frequencies of positive responses producing any combination of IFN-�,
TNF-�, and CD107a. Lines represent means, and each symbol corresponds to one vaccinee. (B to D) To evaluate whether
r10038 and r09041 harbored replication-competent SIV, these animals were treated with a single i.v. infusion of 50 mg/kg of
a CD8�-depleting MAb 39 weeks after the 10th IR SIVmac239 challenge. Monkey r10091 was not subjected to this procedure
because it had to be euthanized prior to it. The absolute counts of CD8� T cells (CD3� CD8��) and NK cells (CD3� CD8��

CD16�) per microliter of blood after the CD8� depletion are shown in panels B and C, respectively. (D) Viral loads after CD8�
depletion. The VLs were log transformed and correspond to the number of vRNA copies per milliliter of plasma. The dash-dot
line indicates the limit of detection (LOD) of the VL assay (15 vRNA copies/ml of plasma).
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for in accordance with the guidelines of the Weatherall report (66) and the principles described in the
National Research Council’s Guide for the Care and Use of Laboratory Animals (60) under a protocol
approved by the University of Wisconsin Graduate School Animal Care and Use Committee. Furthermore,
the RMs used in this study were managed according to the animal husbandry program of WNPRC, which
aims at providing consistent and excellent care to nonhuman primates at the center. This program is
employed by the Colony Management Unit and is based on the laws, regulations, and guidelines
promulgated by the United States Department of Agriculture, Institute for Laboratory Animal Research
(e.g., Guide for the Care and Use of Laboratory Animals, 8th ed. [60]), Public Health Service, National
Research Council, Centers for Disease Control and Prevention, and the Association for Assessment and
Accreditation of Laboratory Animal Care International. The nutritional plan utilized by the WNPRC is
based on recommendations published by the National Research Council. Specifically, RMs were fed twice
daily with the 2050 Teklad Global 20% protein primate diet, and food intake was closely monitored by
animal research technicians. This diet was also supplemented with a variety of fruits, vegetables, and
other edible objects as part of the environmental enrichment program established by the Behavioral
Management Unit. Paired/grouped animals exhibiting stereotypical and/or incompatible behaviors were
reported to the behavioral management staff and managed accordingly. All primary enclosures (i.e.,
stationary cages, mobile racks, and pens) and animal rooms were cleaned daily with water and sanitized
at least once every 2 weeks. Lights were on a 12-h-light, 12-h-dark diurnal schedule. Vaccinations were
performed under anesthesia (ketamine administered at 5 to 12 mg/kg of body weight, depending on the
animal), and all efforts were made to minimize suffering. Euthanasia was performed at the end of the
study or whenever an animal experienced conditions deemed distressful by one of the veterinarians at
WNPRC. All euthanasias were performed in accordance with the recommendations of the Panel on
Euthanasia of the American Veterinary Medical Association and consisted of an intravenous (i.v.)
overdose (greater than or equal to 50 mg/kg or to effect) of sodium pentobarbital or equivalent, as
approved by a clinical veterinarian, preceded by ketamine (at least 15 mg/kg body weight) given by the
intramuscular (i.m.) route. Additional animal information, including MHC-I alleles, age at the beginning
of study, and sex, is shown in Table 1.

In vivo CD8� depletion. CD8�-expressing lymphocytes were transiently depleted using the
complementarity-determining region-grafted rhesus IgG1 CD8�-specific monoclonal antibody (MAb)
MT807R1, which was provided by the NIH Nonhuman Primate Reagent Resource (Boston, MA). Monkeys
r10038 and r09041 received a single i.v. injection of 50 mg/kg of body weight of MT807R1. The
frequencies of lymphocyte subsets before and after the MT807R1 injection were monitored as described
previously (17). The absolute counts of CD8� T cells and NK cells were calculated by multiplying their
respective frequencies in flow cytometric assays by the absolute number of white blood cells obtained
from matching complete blood counts.

Vaccinations. The vaccinated RMs were primed with two rAd5 vectors produced by Viraquest, Inc.
One construct expressed a vif minigene corresponding to Vif aa 1 to 110, while the other expressed a nef
minigene corresponding to Nef aa 45 to 210. The immunogenicity of these rAd5 vectors expressing vif
and nef minigenes is described elsewhere (16). These vif and nef minigenes were codon optimized for
expression in mammalian cells. The control animals were sham vaccinated with an empty Ad5 vector
lacking any inserts, which was provided by the International AIDS Vaccine Initiative. A dose of 1011 viral
particles of each rAd5 vector was administered intramuscularly to the left and right shoulders.

The rVSV boost occurred at study week 18. One rVSV vector expressing a fusion of the SIVmac239 Nef,
Tat, and Vif proteins was administered intramuscularly to the RMs in the vaccine group. The control
animals were sham vaccinated with an rVSV construct encoding the malaria CSP antigen. These rVSV
constructs were based on a modified attenuated virus strain developed by Profectus Bioscience (61).
Profectus Biosciences also provided the rVSV vectors for this study. A dose of 107 PFU of each rVSV vector
was administered intramuscularly to the thighs.

The rRRV boost occurred at study week 25. The RMs in the vaccine group received a mixture of
three rRRV vectors, each containing the full-length open reading frames of SIVmac239 vif or nef or
a fusion of rev-tat-nef. The vif and nef genes were codon optimized for expression in mammalian
cells, whereas the rev-tat-nef fusion gene retained its original codon usage. In order to prevent
Nef-mediated downregulation of MHC-I molecules, both nef- and rev-tat-nef-expressing rRRV con-
structs lacked the nucleotides corresponding to Nef aa 239 to 240 (62). The control RMs were sham
vaccinated with a rRRV vector encoding enhanced fluorescent green protein. One milliliter of
phosphate-buffered saline (PBS) containing 7.1 � 107 genome copies of each of the appropriate
rRRV vectors was administered via both the i.v. and IR routes. Details about the generation of these
rRRV vectors have been described previously (42, 63).

SIVmac239 challenges. At 16 weeks after the rRRV boost, all vaccinated and control RMs were
subjected to repeated IR inoculations of 200 TCID50 (4.8 � 105 vRNA copies) of the same SIVmac239 stock
described in our recent study (17). These IR challenges occurred every 2 weeks. Plasma VLs were assessed
7 and 10 days after each exposure. Once an animal experienced a positive VL at either one of these time
points, it was no longer challenged. Only RMs that remained aviremic at both time points were
rechallenged on day 14.

SIV RNA viral load measurements. VLs were measured using 0.5 ml of EDTA-anticoagulated rhesus
macaque plasma based on a modification of a previously published procedure (64). Total RNA was
extracted from plasma samples using Qiagen DSP virus/pathogen midikits on a QIAsymphony XP
laboratory automation instrument platform. Six replicate two-step reverse transcription-PCRs were
performed per sample using a randomly primed reverse transcription reaction, followed by 45 cycles of
PCR using the following primers and probe: forward primer SGAG21 [5=-GTCTGCGTCAT(dP)TGGTGCATT
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C-3=], reverse primer SGAG22 [5=-CACTAG(dK)TGTCTCTGCACTAT(dP)TGTTTTG-3=], and probe PSGAG23
[5=-FAM-CTTC(dP)TCAGT(dK)TGTTTCACTTTCTCTTCTGCG-BHQ1-3=], where FAM is 6-carboxyfluorescein
and BHQ1 is black hole quencher 1]. The limit of reliable quantitation on an input volume of 0.5 ml of
plasma was 15 vRNA copies/ml.

Sample processing. We isolated peripheral blood mononuclear cells (PBMC) from EDTA-treated
blood by Ficoll-Paque Plus (GE Health Sciences) density centrifugation. Red blood cells were lysed by
treating PBMC with ACK buffer (H2O containing 8.3 g/liter of NH4Cl, 1.0 g/liter KHCO3, and 0.42 g/liter
Na2EDTA) for 5 min. Cells were subsequently washed in R10 medium (RPMI 1640 medium supplemented
with GlutaMAX [Life Technologies], 10% fetal bovine serum, and 1% antibiotic/antimycotic) and then
resuspended at various concentrations depending on the application. LN and gut biopsy specimens were
obtained as described previously (36). To process the LN biopsy specimens, we placed the tissue
specimen in 100-�m cell strainers and gently pushed against the nylon mesh using a 3-ml syringe
plunger until the tissue was disrupted. We counted the ensuing cell suspension and then used it in
immunological assays. Rectal and colon biopsy specimens were obtained from the same animal and
pooled during the lymphocyte isolation process. These samples were washed once in R10 medium and
then resuspended in collagenase medium (R10 medium with 0.5 mg/ml of type II collagenase from
Clostridium histolyticum [Sigma-Aldrich]). After rocking the cells at 80 rpm for 30 min at 37°C on a
tabletop shaker, the supernatant was collected and washed twice with R10 medium. This digestion cycle
was repeated two additional times. The cells collected after each digestion cycle were then pooled and
layered on top of a 40% to 90% Percoll gradient. After a 30-min centrifugation at 450 � g, purified gut
lymphocytes were collected from the interface of the 40% and 90% Percoll layers. The cells were then
washed once with R10 medium, counted, and, finally, used in immunological assays. Of note, all tissues
described above were harvested at WNPRC and subsequently refrigerated to 4°C until they were shipped
overnight to the University of Miami in temperature-controlled packages. Blood draws intended for VL
measurements were an exception. In those cases, blood was processed shortly after phlebotomy and
plasma aliquots were immediately frozen at �80°C.

Quantification of MHC-I tetramer� CD8� T cells in PBMC. The tetramer staining assays performed
as part of the time course analysis of vaccine-induced SIV-specific CD8� T cells were done by labeling
approximately 800,000 PBMC with titrated amounts of fluorochrome-conjugated MHC-I tetramers at
room temperature for 45 min, as described previously (65). The cells were then stained with
fluorochrome-labeled MAbs directed against the surface molecules CD3 (clone SP34-2), CD8� (clone
RPA-T8), CD14 (clone M5E2), CD16 (clone 3G8), and CD20 (clone 2H7) for 25 min. This step also included
an amine-reactive dye (ARD; LIVE/DEAD Fixable Aqua Dead cell stain; Life Technologies). The cells were
then washed with wash buffer (Dulbecco’s PBS with 0.1% bovine serum albumin and 0.45 g/liter NaN3)
and fixed with PBS containing 2% paraformaldehyde (PFA) for 20 min at 4°C. The cells were washed one
more time and then stored at 4°C until acquisition.

In order the determine the memory phenotype of tetramer� CD8� T cells, PBMC were labeled with
the appropriate MHC-I tetramer reagents and then stained with the same MAbs against CD8�, CD14,
CD16, and CD20 described above, with the addition of MAbs against CD28 (clone 28.2) and CCR7 (clone
150503). ARD Aqua was used in this step as well. The cells were then washed with wash buffer and fixed
with PBS containing 2% PFA for 20 min at 4°C. Next, the cells were permeabilized by treatment with perm
buffer (1� BD FACS Lysing Solution 2 [Beckton Dickinson] and 0.05% Tween 20 [Sigma-Aldrich]) for
10 min. The cells were then washed once and stained with the aforementioned CD3 MAb and a
granzyme B-specific MAb (clone GB12). After a 30-min incubation in the dark at room temperature, the
cells were washed and stored at 4°C until acquisition. All samples were acquired using FACSDIVA (version
6) software on a Special Order Research Product BD LSR-II apparatus equipped with a 50-mW 405-nm
violet, a 100-mW 488-nm blue, and a 30-mW 635-nm red laser.

We used FlowJo (version 9.6) software (TreeStar, Inc.) to analyze the data. First, we gated on
diagonally clustered singlets by plotting forward scatter height (FSC-H) versus forward scatter area
(FSC-A) and then side scatter height (SSC-H) versus side scatter area (SSC-A). Next, we created a time gate
that included only those events that were recorded within the 5th and 90th percentiles and then gated
on dump channel-negative CD3� cells. At this stage, we delineated the lymphocyte population based on
its FSC-A and SSC-A properties and subsequently gated on CD8� cells. After outlining tetramer� cells, we
conducted our memory phenotyping analysis within this gate. Cells stained with fluorochrome-labeled
MAbs of the same isotypes as the anti-granzyme B, anti-CD28, and anti-CCR7 MAbs guided the
identification of the memory subsets within the tetramer� population. Based on this gating strategy, all
tetramer frequencies reported in this report correspond to the percentages of live CD3� CD8� tetramer�

lymphocytes.
ICS assay. PBMC were stimulated with the appropriate pools of SIV peptides in R10 medium

containing costimulatory MAbs against CD28 and CD49d for 9 h at 37°C in a 5.0% CO2 incubator. A
phycoerythrin-conjugated MAb specific for CD107a was also included in the assay. To inhibit protein
transport, brefeldin A (BioLegend, Inc.) and GolgiStop (BD Biosciences) were added to all tubes 1 h into
the incubation period. The antigen stimuli for the intracellular cytokine staining (ICS) assays performed
during the vaccine phase consisted of pools of SIVmac239 peptides (15-mers overlapping by 11 aa), as
indicated in Fig. 7 and 9. In some cases, two peptide pools were combined in the same test. Peptides
corresponding to Mamu-B*08-restricted SIV epitopes were also used as the antigen stimuli in ICS assays.
The final assay concentration of each peptide was 10.0 �M. We employed the same steps outlined above
to stain molecules on the surface of cells, fix them with 2% paraformaldehyde, and permeabilize them
with Perm Buffer. The surface staining MAb cocktail included the same MAbs against CD14, CD16, CD20,
and CD8� described above, as well as ARD Aqua, with the addition of an anti-CD4 (clone OKT4) MAb.
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After permeabilization, the cells were incubated with MAbs against CD3 (clone SP34-2; BD Biosciences),
IFN-� (clone 4S.B3; BioLegend, Inc.), TNF-� (clone Mab11; BD Biosciences), and CD69 (clone FN50;
BioLegend, Inc.) for 1 h in the dark at room temperature After this incubation was completed, the cells
were washed and subsequently stored at 4°C until acquisition. We analyzed the data by gating first on
live CD14� CD16� CD20� CD3� lymphocytes and then on cells expressing either CD4 or CD8 but not
both markers. We then conducted functional analyses within these two compartments. Cells were
considered positive for IFN-�, TNF-�, or CD107a only if they coexpressed these molecules with CD69, a
marker of recent activation. Once the appropriate gates were created, we employed the Boolean gate
platform to generate a full array of possible combinations, equating to 8 response patterns when testing
three functions (23 � 8). Leukocyte activation cocktail (LAC; BD Pharmingen)-stimulated cells stained
with fluorochrome-labeled MAbs of the same isotypes as those against IFN-�, TNF-�, and CD107a guided
the identification of positive populations. We used two criteria to determine if the responses were
positive. First, the frequency of events in each Boolean gate had to be at least 2-fold higher than their
corresponding values in background-subtracted negative-control tests. Second, the Boolean gates for
each response had to contain �10 events. The magnitude of responding CD4� or CD8� T cells was
calculated by adding the frequencies of positive responses producing any combination of IFN-�, TNF-�,
and CD107a. Background subtraction and calculation of the frequencies of responding cells were
performed with Microsoft Excel software.

Statistics. The Cox proportional hazard model was used to determine whether the rAd5/rVSV/rRRV
vaccine regimen evaluated here affected acquisition of SIV infection and to examine the association
between infection rate and vaccine-induced T-cell responses. For these analyses, the number of chal-
lenges until productive infection was used as the time scale. To account for right skewness and
inconsistent variances, all the T-cell response data were log transformed after adding a constant value
(0.1). Student’s t test was used after checking significant differences in variance by the F test (i) to
compare the vaccine-induced CD8� T-cell responses between the current study and our previous study
(Fig. 2E) and (ii) to compare peak VLs between vaccinees and control animals (Fig. 8E). Repeated-
measurement ANOVA was used to (i) test the difference in Gzm B expression between different epitopes
(Fig. 3) and (ii) test the difference in the CD8� T-cell responses between different memory T cells (Fig. 3),
different SIV proteins (Fig. 5A and B), and different anatomical sites (Fig. 4). All P values reported in this
paper are two-tailed.
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